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METHOD OF DETERMINING MULTILAYER
THIN FILM DEPOSITION ON A
PIEZOELECTRIC CRYSTAL

TECHNICAL FIELD OF THE APPLICATION

This invention relates generally to the field of thin film
deposition and more specifically to the use of a piezoelectric
crystal for measuring the mass of at least one deposited thin
film layer. The herein described method enables the thickness
of multiple layers of deposited materials, including dissimilar
materials, to be determined and 1s applicable to quartz crys-
tals as well as other suitable piezoids, including but not lim-
ited to, langasite, berlinite and gallium orthophosphate.

BACKGROUND OF THE APPLICATION

Thin Film Deposition Controllers which are based on
Quartz Crystal Microbalance (QCM) have been 1n use for a
very long time in the thin film coating industry such as
described, for example, in U.S. Pat. No. 5,112,642 to Wapd
and U.S. Pat. No. 5,869,763 to Vig et al., among others. In a
typical arrangement, a monitor quartz crystal 1s placed in
proximity to a substrate 1n a thin film deposition apparatus
wherein the crystal and substrate are each coated at the same
time. The material that 1s deposited on the crystal 1s usually
proportional to the material which 1s deposited on the sub-
strate. As a result of material deposition on the quartz crystal,
its resonance frequency shifts downwards in a monotonic
manner. Therefore, the knowledge of the frequency shift of
the crystal along with the density of the material allows an
estimation of the thickness of material that1s deposited on the
crystal and the substrate.

Previously, the subject matter of mass determination by a
piezoelectric quartz crystal microbalance has been handled,
for example by Lu and Czanderna 1n their treatise, Applica-
tions of Piezoelectric Quartz Crystal Microbalances. Earliest
QCM 1nstruments utilized the Sauerbrey relation 1n order to
calculate deposited film’s thickness from the resonant fre-
quency shift of the quartz crystal. Sauerbrey’s formula was
accurate, however, only for a very limited frequency shift. In
the 1970s, Lu and Lewis published an analysis that accounted
tor the elastic properties of the deposited film. The Lu-Lewis
equation, trademarked as Zmatch® vastly improved the accu-
racy of QCM 1instruments and extended their useful range. As
a result, nearly all QCM nstruments intended for thin film
deposition process control currently use the Zmatch equation
for converting the frequency shiit of a quartz crystal into the
thickness of the deposited film.

However, the Zmatch equation 1s strictly valid with regard
to the deposition of only one material on a quartz crystal.
Deposition of two or more dissimilar materials in succession,
compromises the accuracy of this relation. The extent of error
depends on the extent of mismatch of the acoustic properties
of deposited materials and the thickness of the layers that are
deposited. Theretfore and 1f a process requires different mate-
rials to be deposited on a substrate, a dedicated quartz crystal
must be used exclusively for each material; particularly, 1
accuracy 1s paramount.

Over the years, the market for QCM-based thin {ilm con-
trollers have evolved. In recent times, 1ts predominant use 1s
found 1n the optical coating industry. An optical coating 1s
usually a stack of many thin layers of dielectric matenals,
mostly oxides and fluorides. These materials are dissimilar in
terms of their optical as well as their acoustic properties.
Circumstances rarely permit users to dedicate one quartz
crystal for each deposited material. However, compromising
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the accuracy of thickness/measurement 1s something that can
not be atforded. As a result, optical coating houses use QCM
for the deposition rate control and determine deposition pro-
cess using an optical end-point detector, such as a reflecto-
meter or ellipsometer.

In the early 1990s, the inventors of the present application
created a process referred to as “Auto-Z”", which partly over-
came the above-noted limitation. However, Auto-Z 1s only an
approximation that 1s based upon simultaneous evolution of
two resonant frequencies of a quartz crystal. To that end,
Auto-Z 1s useful 1n the deposition of multiple layers of mate-
rials with known acoustic properties, or materials of unknown
acoustic properties or alloys of varying stoichiometry. How-
ever, Auto-Z 1s only an incremental improvement over the
Zmatch equation and 1s not a substitute for an exact solution
of the problem of multi-layer thin film deposition.

To the best of our knowledge, only thin film controllers
such as those that are commercially sold by ULVAC Corpo-
ration presently make claims of multi layer control. A review
of the commercially available ULVAC Model CRTM-9000
Controller indicates use of a linear extrapolation scheme.
When a layer of different matenal 1s deposited, the slope of
extrapolation 1s recalculated. All these calculations are done
prior to actual deposition of the current layer. As described in
the User’s Manual for this controller, it may take up to tens of
seconds to finish these background calculations. During
deposition, the last calculated slope 1s multiplied by the fre-
quency shift in order to estimate the thickness of the current
layer. Thus, 1t 1s safe to conclude that these controllers do not
use an analytically correct solution for multi-layer deposi-
tion.

There 1s also an ancillary problem associated with the
deposition of thin film on a quartz crystal. The above-noted
Zmatch equation requires precise knowledge regarding the
specific acoustic impedance or its inverse ratio to that of
AT-cut quartz (z-ratio) of the matenal to be deposited. The
accuracy of the estimation of thickness/rate therefore directly
depends on the accuracy of this physical property. The extent
of error depends on the extent of mismatch of acoustic prop-
erties of deposited materials and the total thickness of the
layers.

Another significant and growing use of QCM 1is 1n the
emerging organic light emitting diode (OLED) manufactur-
ing industry. OLED processes usually require use of fairly
exotic organic materials. Some of these materials in fact are
so new that their physical properties, such as, elastic modulus,
shear wave velocity, specific acoustic impedance or even
density are not defimtively known.

A conventional Zmatch technique can be used to back
calculate z-ratio or specific acoustic impedance of an
unknown material, provided a thick layer (1.e., one micron or
more) 1s deposited on the quartz crystal. This 1s necessary to
minimize the impact of acoustic impedance mismatch at the
clectrode-film boundary. OLED materials, on the other hand,
are light weight and highly damping. Thus, the deposited
layers are often thin and the associated mass load 1s less than
that of the electrode itself. Thus, conventional methods will
be highly error prone in this case.

SUMMARY OF THE APPLICATION

One aspect described herein 1s the provision of a compre-
hensive analytically exact solution to the problem of multiple
layer deposition on a quartz or other piezoelectric crystal.
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According to this solution, the thickness of the layer currently
being deposited 1s determined based upon the knowledge of
acoustic phase lag through all the layers that have been pre-
viously deposited.

According to one version, a method for determining the
thickness of a matenal layer onto a piezoelectric blank 1s
provided, the method including the steps of:

providing a piezoelectric crystal blank;

determining the fundamental resonance frequency of said

crystal blank;

applying an electrode to the crystal blank and determining,

the resonance frequency of the crystal blank and applied
electrode;
applying a first deposited thin film layer onto said crystal
blank;

determining the resonance Irequency of the composite

resonator comprising said blank, said electrode and said
deposited layer;

determining acoustic phase lag across the crystal blank, the

clectrode and the deposited layer as computed at said
resonance Ifrequency, and

computing the layer’s thickness from the phase lag infor-

mation computed 1n the previous step and density of the
material.

Preferably, the tangent functions of the phase lags across
the crystal blank, electrode and deposited layer are computed
and combined algebraically. Arctangent functions of the prior
step yields equivalent phase lags through the layer currently
being deposited.

The mtrinsic resonance frequency of the deposited layer
can subsequently be determined from the thickness compu-
tation.

Any number of subsequent layers can be deposited 1n
which the thickness of each layer can be determined 1n a
similar manner.

The deposition of any particular thin film layer can also be
determined such that the rate of deposition can be determined
at any time At during the deposition process from at least two
successive thickness measurements wherein computed val-
ues of thickness can algebraically be combined over At.

According to another aspect of the herein described inven-
tion, a method for determining the specific acoustic imped-
ance of an unknown material by thin film deposition on a
piezoelectric crystal blank 1s provided, the method compris-
ing the steps of:

providing a piezoelectric crystal blank having a specific

acoustic impedance;

measuring the fundamental resonance frequency of said

piezoelectric crystal blank;

applying an electrode having a specific acoustic impedance

and density to said crystal blank;

measuring the fundamental resonance frequency of said

crystal blank and applied electrode;

computing acoustic phase lag information across said crys-

tal blank and said applied electrode at said resonance
frequency;

determining the thickness of said electrode based on said

computed acoustic phase lag information and the den-
sity of said electrode;

determining the mass of said crystal blank and said applied

electrode;

depositing a layer of material having unknown acoustic

impedance and unknown density onto said previously
applied electrode and crystal blank;

measuring the fundamental resonant frequency of said

composite resonator comprising said crystal blank, said
clectrode and said deposited layer;
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4

weighing said crystal blank, said applied electrode and said

deposited layer;

determining the mass of said deposited layer based on said

welght measurements;

determining the area of the deposited layer on said crystal

blank;
estimating the thickness of said deposited layer based on
the determined mass and area measurements;

computing acoustic phase lag information across the crys-
tal blank, said electrode and said deposited layer at said
measured resonant frequency; and

determining the specific acoustic impedance of said depos-

ited film layer based upon said phase lag information
and said thickness measurement.

According to one version, a nonlinear equation 1s con-
structed following the computation of the acoustic phase lag
through each of the various layers 1n which the specific acous-
tic impedance can be determined, using an 1terative root solv-
ing method.

One advantageous benefit realized by the herein described
method 1s unprecedented accuracy in the deposition of mul-
tiple layers on a single quartz or other piezoelectric crystal.

Yet another advantage 1s that improved accuracy 1s realized
even for a very thin single maternial layer, as appropriate
acoustic property 1s assigned to the underlying electrodes.

The herein described solution can be determined in real
time using existing equipment already used in making thin
{1lm thickness determinations.

Moreover, the herein described technique permits accurate
determination of an unknown material’s acoustic impedance,
enabling use of the technique 1n OLED and other processes.

According to the method elucidated herein, the impact of
applied electrodes 1s naturally accounted for. Moreover, the
herein described method can accurately back calculate the
specific acoustic impedance of an unknown material, even
when the deposited film 1s thin.

These and other features and advantages will be readily
apparent from the following Detailed Description, which
should be read 1n conjunction with the accompanying draw-

ngs.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an exemplary piezoelectric (quartz) crystal
having thickness h and a deposited layer of thickness shown
as h

FIG. 2 schematically depicts multiple layers of film as
typically deposited on a quartz crystal blank and electrode;

FIG. 3 graphically 1llustrates mass load (proportional to the
product of film thickness and its density) vs. frequency shift
on a piezoelectric crystal due to material deposition for vari-
ous values of z-ratio;

FIGS. 4-7 depicts the comparison of layer thickness error
of traditional Zmatch technique and the herein described
method. Each figure represents results of one experiment of
alternating deposition of dissimilar materials, 1n which the
error 1s computed with respect to gravimetric measurements;

FIG. 8 1s a flow chart depicting steps for determining the
thickness of various layers of material, including dissimilar
materials, on a piezoelectric crystal blank 1n accordance with
the invention; and

FIG. 9 1s a flow chart depicting steps for determining the
z-rat1o of a deposited layer of an unknown material onto a
crystal blank 1n accordance with the invention.

DETAILED DESCRIPTION

The following relates to a preferred method for determin-
ing the thickness of various materials, including dissimilar
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materials, which are applied to a substrate as well as a related
method for determining the z-ratio of an unknown material
deposited on a substrate. Several terms are used throughout
the course of the description 1n order to provide a suitable
frame of reference in regard to the accompanying drawings. It
1s not intended that these terms should be overlimiting 1n
terms of their scope or elfect, except where so specifically
indicated.

In a preferred embodiment described herein, a Al-cut
quartz crystal blank 1s utilized, which 1s a de-facto industry
standard. However, 1t should be noted that this standard rep-
resents merely an exemplary version and therefore the teach-
ings discussed herein are also equally applicable to other
crystal cuts, such as but not limited to, SC-, I'T-, FC-, RT- and
other crystal cuts for any suitable piezoelectric material (1n-
cluding but not limited to langasite, berlinite, and gallium
orthophosphate), such as used for mass sensing purposes. As
described in greater detail herein the exemplary quartz crystal
blank, applied electrode(s) and the deposited layers of thin
f1lm, such as shown in FIG. 2, combine to form a compound
resonator.

An apparatus utilizing an active oscillator and a frequency
counter or a phase-locked loop apparatus such as manufac-
tured by Inficon, Inc., among others, are required 1n order to
determine the resonance frequency of this compound or com-
posite resonator. Measurements made by the apparatus can be
done 1n real time; typically, on the order of about 10 measure-
ments per second. However, the measurement frequency can
be varied sufliciently, depending upon the application and the
processing power ol the mstrument/apparatus which 1s uti-
lized.

Mathematical Details:
Zmatch Equation:

For background purposes and completeness, the prior
developed Zmatch equation 1s briefly summarized. As previ-
ously noted, Lu and Czanderna have thoroughly dealt with
the subject matter of mass determination by a piezoelectric
quartz crystal microbalance 1n their treatise, Applications of
Quartz Crystal Microbalances. They have given a general
derivation of the so called Lu-Lewis equation. This Zmatch
equation can be written 1n the following form and forms the
basis of many commercial thin {ilm controllers that are pres-
ently available:
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In the preceding relation, h, prand Z represent the thick- 50
ness, density and specific acoustic impedance of the depos-

- Fo cos(8y)  jZpsin(6y)

b0 | | jsin(6o)/Zy  cos(6,)

ited film respectively, and 1, Z_ and {_ represent current mea-
surement Irequency, the specific acoustic impedance of
quartz and the resonance frequency of the quartz blank alone, 45
respectively. Due to 1ts superior thermal properties and sim-
plicity of manufacturing, the AT-cut quartz crystal has long

cos(fy)cos(f) — ﬁ's.in(t‘:?.;.)S.iﬂ(f%l’l) JHZosin(By)cos(6) ) + Z; sin(6) )cos(fy)}

6

established itself as the industry standard and is used for
purposes of this background discussion. The specific acoustic
impedance 7, of Al-cut quartz 1s 8,765,000 kg/m*/s. It is
customary to express the specific acoustic impedance of other
thin film materials as the inverse ratio of that of AT-cut quartz.
This mnverse ratio 1s also commonly referred to as the acoustic
impedance ratio or z-ratio (z). Equation (1.1) can then be
rewritten 1n terms of the z-ratio as:

el )

Acoustic Transfer Matrix

It will be shown that the same result (equation (1.1)) can be
derived by the use of an acoustic transfer matrix. In this
formalism, the quartz crystal and subsequent films may be
considered as waveguides having equal cross-sectional area.
The object of the acoustic transier matrix 1s to relate a state
vector comprising of a set ol dynamic varniables at the entry
port of the waveguide with that at the exit port of the
waveguide. If force (F) and displacement velocity () are
chosen as pertinent variables, then the following relationship

holds:

B cos(0)  jZsin(0) ]| F2 (2.1)

Uy - Jsin(@)/Z cos(8) || i |

In the preceding, Z refers to the specific acoustic imped-
ance while 0=kh=wmt represents the acoustic phase lag
through the width of the waveguide. Resonance frequency 1s
found by setting the force at the free surfaces to be zero; that
1s, F,=0 and F,=0. When two such waveguides or resonators
are stacked upon each other, continuity of force and displace-
ment velocity 1s automatically enforced. For example, 1t the

quartz 1s assumed to be the waveguide-0 and the thin film 1s
assumed to be the waveguide-1, then

- Fo cos(8g)  jZosin(By) 1| F1 ] (2.2)
[ﬁSiﬂ(Qﬂ)/zﬂ cos(tp) ]

P cos(8y)  jZisin(@) [ F2 ]
[jSin(Ql)/Zl cos(0;) ]

Then we have

cos(f))  jZ;sin(6)) (2.3)
HjSiﬂ(Ql)/Zl cos(0) }

71 P
Hsin(00)cos(0) ) Zo + sin(9))cos(8y)/ Z1}  cos(fy)cos()) — %sin(eg)sm(@l y |- “
By setting F,=F,=0,
7, sin(00)cos(0,)+Z; sin(0,)cos(0,)=0, or
Z, tan(0,)+Z, tan(0,)=0, or
7, tan(0,)=—Z, tan(0,) (2.4)
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The phase lag terms can be further expanded (C_ and C,
being the shear wave speed in quartz and the film, respec-

tively), as follows:

5
wh 2.5
0y =i = 2 _ (£)
Cf}' ff}'
wh e h
0 = — = L 10
Cr Zf

Then, combining equations (2.4) and (2.5) will lead to an 1>
identical expression as 1 (1.1). There 1s a considerable space

saving 11 we adopt the following abbreviated notations:

924 B2
8

Equation (2.3) can be written in this notation as

(2.7)

2o . ]
CoC1 — =S0351 ZoSoCy + 2151 Co}

_F{)_ Zl _FZ_

it 4 7
-0 CoC — Z—lSﬂSl -2

0

JSoC1/Zo +5:Co /21 }

The requirement of traction free end surfaces will render
the upper right-hand element 1n the resultant matrix to be

zero, yielding (as 1n equation (2.4))
ZDSUCI-I-ZISICU:O? or (28)
-2, T\=Z,T, (2.8a)

Application of subsequent layers means that the transfer
matrix 1n equation (2.7) will have to be post-multiplied by
another transfer matrnix like 1 (2.1) pertinent to the newly
deposited layer and the upper right-hand element in the
resultant matrix will have to be set to zero for resonance
condition. Applying this scheme for a 3-layer system, the

C =cos(0,),5~sin(0,),T,=tan(0,) (2.6) following transfer matrix 1s obtained:
CoCy — 22505 1 Z050C1 + 7151 Col (29)
DlZlDl JiLoosot] 110[(:2 szgz_
. Z i1z, Gy |
HASoC /2o +51Co /2y CoC _Z_USDSI
2y . 2o '
(CDCI — Z—ISDSI)CZ — (ZoSoC1 + Z151C0)S2 [ 22 ﬁ{(cﬂcl — Z_ISDSI)ZZSZ + (ZoSoCy +2151C0)C2}
_ VA /]
R(CoCr = 5508152/ Z2 +(SoC1 1 Zo +$1C0 | Z0)Ca ) {CoCr = 525081 |Ca = (SoC1 120 +51Co | 0,
Therefore, the resonance condition requires that
35
Zo (2.10)
(C.;.Cl - =S50S )ZZSZ F (ZoSoCy + 218, Co)Ca = 0
1
40 Leading to
ZoTo + 24T 2.10a
T = olo + 41T ( )
L2
45 2 04]

ZoZo
(Zolo+ 2411 + 240 15) — INY YL
_ 1
2315 = Zo 7o 71
1—(—TQT1+—T[;T2+—T1T2)
1 £ )
(Z{]TD +Zl Tl +Z2T2 +Z?,T3) —
Lot Lot Lol YAV
( k 2T0T1T2+ k 3T0T1T3+ k 3TDTQT3+2T1T2T3)
7Ty = /1 /1 /2 )
o 1—(@3"? R AL L R s +§TT)+
210122022303221223132323
yAYY
Dz%ﬂﬁﬂ

YAVZ,

Continuing 1n this manner, we get for subsequent layers,

(2.11)

(2.12)
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-continued
(Zolog + 21T+ 2015 + 5T+ Z414) — (2.13)
Lo/l Z Zi Lol Z Z VAV V4 V4
( ’ ZT.[]TITQ + Z%TQTITE; + 044 ol T4 + S Towl>,T5 + 044 Tol> Ty + 044 Tol3Ty + %Tl I>T5 + 124 WI>,T, + 244 T2T3T4)
1 1 1 2 2 3 2 2 3
— /515 =
- (%TT+%TT+%TT+%TT+aTT+aTT+aTT+%TT+£TT+£TTF
— 0Ll T T LQL2 T T EQE3 T T L0484 T T L] 82T T L] E3 T T Al a4 T T i3 T T L4 T T L5
[ Zy /> /3 Z4 z, /3 Zy /3 Zy Z4
(EQTTTT+%%#TTT+EE%ﬁWWHﬁ@ETTTT+é§TTTT)
ZIZ30123 21240124 ZIZ40134 ZQZ40234 22241234
Equations for subsequent layers will be enormously long, For those layers which are already deposited, the thickness
s 1S apparent from the foregoing_ However, a genera] recur- 1S already known and the phase lag would then depend on the
stve relation for any arbitrary layer can be written in the driving frequency alone. It can be conveniently written 1f an
following manner: |5 Intrinsic resonant frequency of each deposited layer1s defined
such that:
Z; (2.18)
= S
N-1 NI NZLNL 77 (2.14) iPi
EZaﬂ— N TTLT, +
J Li La 7. J and
i=0 =0 =i k> Y 20
7T
N—1 N—1 N-1 N-1 N1 ZkaZm 91_ — _f
T T Ty Ty — ... I
. V4Y4
=0 g1 k=g Dk omel
—nIn = N-1 N-I =K
[ E : E : Ligm o To 1llustrate the dramatic difference 1n the calculated thick-
— £ Z; 2> ness by the method above in comparison to traditional
- Zmatch method, the following Table I depicts differences
AL e L i L based on upon simulated deposition of multiple layers of
z.7, _ . .
7.7, ilitdi=. different materials on a quartz crystal with gold electrodes
) . .
=0 i k>j b between a Zmatch analysis and the present technique (re-
30 ferred to as “MultiZ” 1n Table I), as described above 1n a
copper-calcium-tungsten-aluminum layered system. Clearly,
| | | the discrepancy (1.e., difference) between each layer thick-
In the foregoing relation, N refers to the index ot the layer ness result as listed 1n the right most column of Table I 1s very
currently being deposited and 1, 1, k, 1, m are “dummy” indices substantial.
TABLE I
Density Frequency Layer thickness Layer thickness
(g/cc)  z-ratio (kHz) Zmatch (kA) MultiZ (kA)  Discrepancy
Quartz blank 1.00 6045
Gold electrode 19.3 0.381 5985 3.77 3.77
Copper layer 8.93 0.437 5750 33.78 33.78 0.0%
Calcium layer 1.55 2.62 5500 1'77.09 222.71 —20.5%
Tungsten layer 19.3 0.163 5250 22.03 17.1% 28.2%
Aluminum layer 2.7 1.08 5050 118.85 97.26 22.2%
indicating previously deposited layers. The composite Comparison of the determined thickness as computed by
parameter K signifies the totality of phase lag through all  these two techniques with gravimetric measurements is

previously deposited layers. 0 graphically presented in FIGS. 4-7, which clearly shows the

On the right hand side. of the eql}atiopj odd order terms superiority of the method presented herein. FIG. 4 represents
appear 1n the numerator with alternating signs and even order
terms are 1n the denominator with alternating signs. Z com-
binations follow the order of the layers from the lowest to the

a simulated comparison of thickness error 1n a copper-alumi-

num alternating layered system showing the application of

highest. s each layer as viewed from left to right. FIG. 5 represents a
To summarize the above-noted procedure, equation (2.14) similar simulated comparison for a copper-lead alternating
will yield a phase lag 0, for the Nth layer in terms of phase layered system, while FIG. 6 represents a similar simulated
lags 1n all previous layers, imncluding the electrode and the comparison for 4 barium-vitrum-conper alternatine lavered
quartz blank. P Y PP & 1

Then, from the definition of phase lag, the thickness of the 60 system and FIG. 7 represents another simulated comparison

Nth layer can be deduced, as follows: for a cadmium-copper alternating layered system.

Referring to the tlow chart presented 1n FIG. 8, the method

for determining thickness for a multi1 layered crystal, such as

INON AN arctan(K / Zy ) (210) those depicted according to each of the preceding examples 1s

hy = —
YT onfpon T 2xfpn 65

as follows: First, a quartz blank, such as an AT-cut crystal
blank 1s provided, the blank being defined as layer-0 accord-
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ing to FI1G. 2, which 1s characterized by 1ts blank resonance
frequency F_ and specific acoustic impedance which 1s
=7 .

The fundamental resonance frequency of this blank 1s then
measured, such as in an air-gap fixture (not shown). Alterna-
tively and 1n lieu of making this measurement, the blank can

be designed to have a specific fundamental frequency within
a very narrow range. An electrode layer (shown as layer-1 1n
FIG. 2) 1s then applied by conventional means onto the quartz
blank wherein the electrode layer matenal 1s defined by a
specific acoustic impedance, 7, and a density p,. The reso-
nance frequency of the quartz blank and electrode 1s then
measured in the air gap or other suitable fixture, this fre-
quency being designated herein as 1.

The tangent of phase lag through the quartz blank (layer-0)
at the measured frequency 1 1s then determined using the
relation

7o = tanf )

Jq

Applying equation (2.8a), in which -7, T,=7Z,1,=K, pro-
vides a determination of acoustic phase lag through the
applied electrode layer wherein the electrode thickness can be
determined using the relation

The intrinsic resonance frequency of the electrode can then
be estimated based on the relation

A first foreign material, shown as layer-2 pictorially
according to FIG. 2, can then be deposited onto the electrode
and crystal blank, this material being characterized by a spe-
cific acoustic resonance 7., and density p,. The resonance
frequency 1 of this composite resonator can be determined
again using an air gap or other suitable fixture. Following this
determination, acoustic phase lag information 1s computed
through each of the previous layers according to the relations:

T[} =1 %]
and

nf
Tl =1 rﬁ],

for each of the blank and electrode layer, respectively.

From the preceding, the combinational formula

Z{)TD +Z1Tl
—Zr1h = 7 = K
1l — =757
Z
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1s used 1n order to determine the acoustic phase lag through
the deposited layer.

The thickness of layer-2 can then be determined using
equation

4>
2nf p2

hy =

artan( X1}

In order to determine deposition rate of material, the fol-
lowing additional steps can be utilized. Following an interval
At, the resonance frequency I' can be measured, again using
the air gap or other suitable fixture and each of the prior steps
are repeated wherein the acoustic phase lag information
through the previous layers and the deposited layer can be
computed at this measured frequency. The thickness of
layer-2 can then be determined using the relation:

i 22 m(“’i]
2T T onfpr A\ Z

The deposition rate can then be determined as (h,'-h,)/At
wherein the above process are repeated at predetermined
intervals until the end of the deposition of this layer.

Finally, the intrinsic resonance frequency of layer-2 can be
determined using the relation:

/>
- 2hps

I

A second foreign material (layer-3 as shown in FIG. 2),
characterized by 7, and p, 1s then subsequently deposited
onto the crystal and onto layer-2 thereot. As in the preceding,
the resonance frequency 1 of the composite resonator 1s first
measured using the air gap or other suitable fixture. Acoustic
phase lag information through each of the previous layers
(layers O, 1, 2), 1s then computed using the relations:

T
o=t —f}.
Ja
T
Tl =1 —f],
Jr
T
TZ =t _f}
I
respectively.
Following this computation, the combinational formula
LoZn
(Lolo+ 24111+ 4,17) - = I I
—73T; = 1 = K>
- 1(%TT+%TT+5TT)
- Z_l 0f] Z_2 0£2 Z_2 1£2

1s applied 1n order to determine the phase lag of the newly
deposited layer.
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The layer’s thickness can then be determined as:

/3
2nf p3

K>
arctan( —= )
/3

By =

As 1n the mstance of the preceding layer-2, deposition rate
of layer-3 can be calculated throughout by measuring the
resonance frequency ' after a time 1nterval At, recomputing,
the phase lag information through each of the previous layers
at this measured frequency, applying the combination for-
mula to determine phase lag through the deposited layer and
determining the thickness of the layer as:

and then determining the deposition rate as (h,'-h;)/At.

Finally, the intrinsic resonance frequency of layer-3 1s back
calculated using the relation:

23

I3

It will be readily apparent that the thickness and deposition
rate ol any subsequent foreign material layer (layer 4, 5,
6, . ..n) can be determined, as well as its intrinsic resonance
frequency, according to similar applications of the prior steps,
as described 1n the foregoing description.

Referring to FI1G. 9, the steps that are necessary to imple-
ment a solution for the ancillary problem of determining the
specific acoustic impedance of an unknown maternal are as
tollows. As 1n the preceding, an apparatus utilizing an active
oscillator and a frequency counter or a phase-locked loop
apparatus 1s required 1n this instance 1n order to determine the
resonance frequency of the composite resonator which 1s
defined by the quartz (piezoelectric) blank, electrode(s) and
cach layer of deposited thin film(s).

First, the quartz blank 1s made available, such as an AT-cut
quartz blank having a specific acoustic impedance Z_=7,,.
The fundamental resonance frequency of the quartz blank 1s
initially measured 1n an air-gap fixture (f ). Alternatively, the
blank can be designed to possess a specific fundamental fre-
quency within a very narrow range in lieu of this measure-
ment step. Following application of an electrode by known
means wherein the electrode has a specific acoustic imped-
ance of Z, and a density p,, the resonance frequency (1,) of
the quartz blank and applied electrode 1s measured again. As
in the preceding, acoustic phase lag information 1s computed
through the quartz blank at the above measured frequency,

using the relation

?Tfl]

To=t —

Jq
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Acoustic phase lag through the electrode layer 1s deter-
mined using equation 2.8a mn which -7, T ,=7Z,T,. The elec-
trode thickness can then be determined using the relation

Z

- Z[;.Tg)
2r f1p1

ElI‘CtElIl( EE—

hy =
1 7

in which the intrinsic resonance frequency of the electrode 1s
estimated using the formula

[p—“"
o= .
L 2hpy

The weight (m, ) of the crystal blank and electrode 1s then
taken using an electromechanical microbalance (not shown).

After a sufficiently thick layer of a material with unknown
acoustic impedance 7., and density p, has been deposited, the
quartz crystal’s fundamental resonant frequency 1s measured
(1,). The weight (m,) of the crystal i1s taken again on a
microbalance. The difference with that of the previous weight
measurement indicates the mass of the deposited film (Am).
The radius of the spot size of the deposited film 1s also mea-
sured using a measuring microscope and the area of the
deposited spot is determined by (A=nr). Using the math-
ematical equations (2.8a) and (2.10a), a nonlinear equation 1s

set up, as 1s now described.

Acoustic phase lag information 1s then determined through
cach layer deposited, including the electrode and blank. First,
the tangent of the acoustic phase lag through the quartz blank
and the electrode are determined at {,, wherein

-

respectively.

Equation (2.8a) determines the thickness of the electrode
and equation (2.10a) 1s used for solving for the unknown
specific acoustic impedance of the new matenal. In that rela-
tion, Z, and Z, are the specific acoustic impedance of quartz
and electrode material, respectively and 7, 1s the unknown
specific acoustic impedance (or equivalent z-ratio) of the
deposited film that 1s being solved for.

From equation (2.8a) and the measured frequency with the
clectrode only, the estimate for the thickness of the electrode
1s obtained as:

and Ty =1t H—fz],
Jr

n Zl ¢ Zﬂ ‘ .ﬂ'fl ]] (219)
= — are — — || or
LT 2xfips a“( Z O\ f,
Z Zolo
hy = t
i Ty arc an( 7 )

The associated intrinsic resonant frequency of the elec-
trode layer alone 1s defined as

Z

; (2.20)
., =
L 2hpy

Then the nonlinear equation to solve for the unknown
specific acoustic impedance 7, 1s obtained by expanding
equation (2.10a) into the following relation:
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( ﬂ’fz] (ﬂfz]“ (2.21)
Zotan| — | + Zjtan| —
(mqaam] 1 ﬂm{j; S
tan =0, or
Z, A Z 2o (ﬂfz] (ﬂfz]
1 — —tan| —= [tan| ==
\ Zl ﬁg frl /
Lolo + 2,1
71, Tt ah
l—éTT
Z [olh

Iterative root solving techniques, such as Newton-Raph-
son, Bisection or others may then be employed to solve for the
unknown parameter Z.,.

According to one example, the frequency of a quartz blank,

1,=6037100 Hz. The specific acoustic impedance of AT-cut
quartz, Z,=8765000 Kg/(m>-s), z-ratio=1.0. The electrode
material 1s aluminum. The frequency of the quartz blank-
clectrode, 1,=60163350 Hz. The specific acoustic impedance
of aluminum, 7Z,=8115741 Kg/(m?-s), z-ratio=1.08. In this
instance the material deposited 1s A1Q3, which 1s an OLED
material. The frequency of quartz blank-electrode-thin film,
1,=5906587.5 Hz and the resulting calculated unknown spe-
cific impedance, 7Z,=1488621 Kg/(m”-s), z-ratio=5.888.

The exact analytical solution nearly eliminates thickness
errors when several layers of different materials are sequen-
tially deposited on the same monitor quartz crystal. The tech-
nique also allows one to accurately determine the specific
acoustic impedance of an unknown material.

It will be readily apparent that there are other modifications
and vanations that will be apparent from the foregoing dis-
cussion to one of skill as embodied 1n the following claims.

The mvention claimed 1s:

1. A method of measuring the thickness of a deposited film
on a piezoelectric crystal, said method comprising the steps
of:

a) determining the fundamental resonance frequency of a

piezoelectric crystal blank;

b) applying an electrode to said crystal blank;

¢) determining the fundamental resonance frequency of the
composite blank and applied electrode;

d) applying a first deposited layer of a material onto said
crystal blank and electrode;

¢) determiming the resonance frequency of the composite
resonator comprising said blank, said electrode and said
deposited layer;

1) determiming acoustic phase lag across each of the crystal
blank, electrode and deposited layer as computed at said
resonance Ifrequency; and

o) computing the thickness of said deposited layer from the
phase lag information and density of said material.

2. A method as recited 1n claim 1, wherein said fundamen-
tal resonance frequency determining step for said crystal
blank includes at least one of directly measuring said blank
and providing a blank having a specific fundamental reso-
nance frequency designed within a very narrow range.

3. A method as recited 1n claim 1, wherein the determining,
acoustic phase lag step comprises the turther step of comput-
ing tangent functions of the phase lags across the crystal
blank, electrode and deposited layer respectively.

4. A method as recited 1n claim 3, including the further step
of computing arctangent functions of said phase lag informa-
tion through the deposited layer to yield equivalent phase lag
therethrough.

5. A method as recited 1n claim 1, including the additional
step of computing the intrinsic resonance frequency of said
deposited layer using said thickness determination.
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6. A method as recited in claim 5, wherein the acoustic
phase lag through any deposited layer onto said crystal blank
and said electrode 1s determined by the relationship

r.:(f _;‘::-f k::j !:r-kJ i JZ'{
—InlIy = N—1 N—I =K
'O Z
1 - ZJ — 71T, +
Zj
=0 =i

N-1 N-1 N-]1 N-I]

1 1 1 1 ZiZk
2 2 2 —
Z:7;

=0 j>i k> Ik

in which Z 1s the specific acoustic impedance, T 1s the
tangent function of acoustic phase lag of previously
deposited layers and K is the composite parameter of
acoustic phase lag through any previously deposited
layers.
7. A method as recited 1n claim 6, wherein the thickness of
any deposited layer onto said blank and said electrode 1is
determined by the relationship

AN

by =
YT 2nfon

arctan( X / Zy )

in which h,, 1s the thickness of the deposited layer, 1 1s the

fundamental frequency of the composite resonator

defined by said blank, said electrode and said atleast one

deposited layer, K 1s the composite parameter of acous-

tic phase lag through any previously deposited layers, p A,

1s the density of the deposited layer and 7., 1s the specific
acoustic impedance of the deposited layer.

8. A method as recited 1n claim 7, wherein the intrinsic

resonance Irequency of any deposited layer onto said blank
and electrode 1s determined by the relationship

Z;

fri = 2h; p;

in which fr; 1s the intrinsic resonance frequency of the
deposited layer, Z, 1s the specific acoustic impedance of
the deposited layer, h, 1s the thickness of the deposited
layer and p, 1s the density of the deposited layer.

9. A method as recited in claim 1, including the step of
measuring said a first deposited thickness prior to completion
of deposition, making at least one successive thickness cal-
culation at a later time At and then determining the deposition
rate based on the differences in thickness over At.

10. A method as recited in claim 1, wherein said crystal
blank 1s at least one of AT-cut, SC-cut, IT-cut and FC-cut.

11. A method as recited 1n claim 1, including the step of
depositing at least one or more additional layers upon said
first layer, and determining the thickness of said layer by
repeating each of steps e)-g).

12. A method as recited in claim 11, wherein said addi-
tional layers and said first layer of deposited material are
dissimilar materals.
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13. The method as recited 1n claim 12, wherein the crystal
blank 1s vibrating in thickness shear mode, including one of

AT-cut, SC-cut, I'T-cut and FC-cut.

14. A method for determining the specific acoustic imped-
ance of an unknown material by thin film deposition on a
piezoelectric crystal blank, said method comprising the steps

of:

providing a piezoelectric crystal blank having a specific

acoustic impedance;

determining the fundamental resonance frequency of said
piezoelectric crystal blank;

applying an electrode having a specific acoustic impedance
and density to said crystal blank;

measuring the fundamental resonance frequency of said
crystal blank and applied electrode;

computing acoustic phase lag information across said crys-
tal blank and said applied electrode at said resonance
frequency;

determining the thickness of said electrode based on said
computed acoustic phase lag information and the den-
sity of said electrode;

determining the mass of said crystal blank and said applied
electrode;

depositing a layer of material having unknown acoustic
impedance and unknown density onto said previously
applied electrode and crystal blank;

measuring the fundamental resonant frequency of said
composite resonator comprising said crystal blank, said
clectrode and said deposited layer;

welghing said crystal blank, said applied electrode and said
deposited layer;

determining the mass of said deposited layer based on said
welght measurements;

determining the area of the deposited layer on said crystal

blank;
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estimating the thickness of said deposited layer based on
the determined mass and area measurements;

computing acoustic phase lag information across the crys-
tal blank, said electrode and said deposited layer at said
measured resonant frequency; and

determiming the specific acoustic impedance of said depos-

ited film layer based upon said phase lag information
and said thickness measurement.

15. The method as recited in claim 14, wherein said fun-
damental resonance frequency determining step for said crys-
tal blank includes at least one of directly measuring said blank
and providing a blank having a specific fundamental reso-
nance frequency designed within a very narrow range.

16. The method as recited 1n claim 14, wherein said specific
acoustic impedance determining step includes the additional
step of constructing a non-linear equation including said
acoustic phase lag information and the determined layer

thickness.

17. The method as recited 1n claim 16, wherein said con-
structed non-linear equation 1s

Lolo+ 20T
7,T> + 0 DZ 1 1:05

0
| — =—T,T
7, ot

in which 7., 1s the specific acoustic impedance of the depos-
ited layer, T, 1s the tangent function of the acoustic phase
lag of the deposited layer, Z, 1s the specific acoustic
impedance of the electrode, T, 1s the tangent function of
the acoustic phase lag of the electrode, Z, 1s the specific
acoustic impedance of the crystal blank and T, 1s the
tangent function of the acoustic phase lag of the crystal
blank, respectively.

G o e = x
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